Evolutionary Lineages in Emballonura and Mosia Bats (Mammalia:
Microchiroptera) from the Southwestern Pacific'
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Abstract: The microchiropteran bat family Emballonuridae is widely distrib-
uted in archipelagos of the southwestern Pacific, with especially strong repre-
sentation of genera Emballonura and Mosia. DNA sequences from three
segments of the mitochondrial genome were collected from four species of Em-
ballonura and from M. nigrescens to investigate the relationship of genetic differ-
entiation to archipelago biogeography. Specimens of each species formed
monophyletic clades in maximum parsimony and Bayesian analyses. Mosia ni-
grescens was genetically distant to the other four species. The other four studied
species formed a monophyletic clade composed of the pairs E. beccarii, E. serii
and E. raffrayana, E. semicaudata. Clades within species were strongly concor-
dant with geography, with only two counterexamples (E. semicaudata in Fiji and
E. raffrayana in the Solomon Islands) to the general finding that each island’s
population of a species constitutes a monophyletic clade. Genetic results do
not agree with current subspecific designations within M. nigrescens. Samples
from Woodlark, Alcester, and Manus Islands are phylogenetically closer to
Papuan mainland samples than to Solomon Islands and New Ireland samples
supposedly belonging to the same subspecies. Results suggest that Emballonura
can establish populations across wide water barriers but does so infrequently.
The isolating effect of water barriers is exemplified by the substantial genetic
distinctiveness of Solomon Islands and New Ireland populations of both E. raf-
frayana and M. nigrescens. Absence from New Britain of E. beccarii, E. raffrayana,
and E. serii (all known from New Ireland) may also reflect effects of water bar-
riers if not due to collecting artifacts.

BaTs ARe THE mosT widespread of the en-
demic mammals of the western Pacific. Na-
tive marsupials and rodents are found in the
Bismarck Archipelago, but the former do not
extend east of this and the latter are not
found beyond the Solomon Islands (Carvajal
and Adler 2005). Ten genera of Megachirop-
tera are found in the region: Pteropus, Prera-
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lopex, Macroglossus, Melonycteris, Notopteris,
Nyctimene, Dobsonia, Rousettus, Sycomycteris,
and Mirimiri (Koopman 1984, Nowak 1994,
Flannery 19954,b, Bonaccorso 1998, Carvajal
and Adler 2005, Helgen 2005). Five families
of Microchiroptera (Emballonuridae, Hippo-
sideridae, Rhinolophidae, Vespertilionidae,
and Molossidae) have members with ranges
extending east of Papua New Guinea
(Nowak 1994, Flannery 19955, Bonaccorso
1998, Carvajal and Adler 2005).

Achieving such wide oceanic distributions
has probably been greatly assisted by flight.
Geographic barriers may, however, have dis-
cernible effects on biogeographic structure
within species despite this capacity (Heaney
2000). For example, close examination of
phylogenetic lineages in relation to geogra-
phy often suggests that the present-day dis-
tributions of flighted vertebrates within
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archipelagos are substantially influenced by
the extent and persistence of water barriers
between islands (Diamond et al. 1976, Mayr
and Diamond 2001, Campbell et al. 2004,
Carstens et al. 2004, Heaney et al. 2005,
Roberts 2006). The effects of water barriers
vary between species. Carstens et al. (2004)
found marked differences in phylogeographic
patterns in three microchiropteran species
in the family Phyllostomidae in the Lesser
Antilles. Heaney et al. (2005) found that dif-
ferences in species’ ecologies were important
in determining how genetic differentiation
between populations and variadon within
them respond to a common historical influ-
ence.

The existence and persistence of water
barriers has been a principal determinant of
the systematic status of birds in northern
Melanesia (Diamond and Mayr 1976, Dia-
mond et al. 1976, Mayr and Diamond 2001).
The influence of water barriers on species’
distributions has also been observed in
megachiropteran blossom bats (genera Mac-
roglossus, Sycomycteris, and Melonycteris) in the
region (Bonaccorso and McNab 1997). In
Melonycteris, there is a high correlation of ge-
netic divergence and the historical extent of
water barriers (Pulvers and Colgan 2007).
The deepest phylogenetic divergence in the
genus, which occurs between populations
from the Bismarck Archipelago and the Solo-
mon Islands, coincides with the widest water
barrier within its range. The genetically clos-
est pairs of populations are found on present-
day islands that were connected by Pleisto-
cene land bridges.

In this investigation we report a study of
phylogeographic patterns in two genera of
the microchiropteran family Emballonuridae
that was undertaken to allow comparison
with the results for Melonycteris and assess
the generality of the influence of geographic
history on bat phylogeography in the western
Pacific. Emballonura was selected for the com-
parison because it is widely distributed in the
region and has broad overlaps in species’
ranges, in contrast to the strict allopatry of
species found in Melonycteris. The overlaps
suggest that at least some of the species have
strong migratory capabilities, leading to the
hypothesis that there would be reduced intra-
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specific phylogeographic structuring in the
genus (compared with that observed in Me-
lonycteris). The monospecific genus Mosia
(species migrescens) was also included in the
study because specimens were available from
multiple archipelagos.

The family Emballonuridae has approxi-
mately 51 species in 13 genera (Simmons
2005). The family is widely distributed in
tropical and subtropical regions. Nine of the
genera are restricted to the Americas, and
four are found in Africa, Asia, and the Pacific
islands, extending east to Fiji and south to
Australia. Taphozous, Saccolaimus, Emballonura,
and Mosia are found in the southwestern Pa-
cific region. Emballonura itself has 11 species,
10 recorded in Nowak (1994) and the re-
cently described E. tiavato (Goodman et al.
2006). This species and E. atrata are found
in Madagascar. The other species occur in
Malaya and eastward. Emballonura beccarii, E.
dianae, E. furax, and E. raffrayana are found
in New Guinea (Flannery 19954, Bonaccorso
1998). All of these species except E. furax
occur in the Bismarck Archipelago. The New
Ireland fauna also contains E. serii, a species
related to E. furax but distinct (Flannery
1994). The New Britain emballonurid fauna
is limited, with only E. dianae and M. nigres-
cens being recorded from the island (Bonac-
corso 1998). Emballonura dianae, E. raffrayana,
and M. nigrescens have been recorded from
the Solomon Islands (Sanborn and Beecher
1947, Hill 1971, Flannery 1995b). Emballo-
nura semicaudata is widely distributed in the
islands of the western Pacific, ranging from
Belau to Samoa (Koopman 1997). The con-
servation of this species is of particular con-
cern because there have been dramatic or
catastrophic reductions in population num-
bers in many parts of its range, including the
Mariana Islands (Lemke 1986), Samoa (Grant
et al. 1994, Tarburton 2002), and Fiji (Flan-
nery 1995h), although it remained quite
abundant in Belau as late as the mid-1990s
(Wiles et al. 1997).

MATERIALS AND METHODS

The provenance of the 43 chiropteran sam-
ples used in this study is indicated in the Ap-
pendix and Figure 1. DNA was extracted
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Ficure 1. Map of the western Pacific showing sample locations. Localities are indicated by filled circles. Species
sampled are specified by the following abbreviations: Emballonura beccarii, Eb; E. raffrayana, Er; E. semicaudata, Esent;
E. serii, Es; and Mosia nigrescens, Mn. Names of subspecies of E. semicaudata appear next to island or archipelago names.
The inset shows linkages between the various populations of Mosia nigrescens. Lines connect those populations with
Kimura 2 parameter average pairwise genetic distances less than 0.06. The two localities in each of Santa Isabel and
New Georgia were pooled for this illustration.

from these specimens by the CTAB method CytBR: 5-AAACTGCAGCCCCTCA-
(Saghai-Maroof et al. 1984). Approximately GAATGATATTTGTCCTCA-3’
100 mg of tissue was used and the extracted

DNA was resuspended in 200 pl of water. .
This stock DNA was diluted as required (1994) were used to amplify part of cyto-

; A chrome ¢ oxidase subunit I (COI):
(generally 1 in 8) for amplification by the
polymerase chain reaction (PCR). 1490F: 5'-GGTCAACAAATCATAAA-
Mitochondrial cytochrome & (Cytb) and GATATTGG-3" and
12S ribosomal RINA (12S rRNA) gene seg- 2198R:  5'-TAAACTTCAGGGTGAC-
ments were amplified from Emballonura DNA ~ CAAAAAATCA-3’
by the Kocher et al. (1989) “universal”

The universal primers of Folmer et al.

PCR was performed using 0.5 to 1 unit of

primers: BIOTAQ (Bio-Line, London, United King-
12SF:  5'-AAAAAGCTTCAAACTGG-  dom) DNA polymerase, 0.05 mM dNTPs,
GATTAGATACCCCACTAT-3’ and 3.5 mM MgCl,, 12.5 pmol of each primer,
12SR: 5-TGACTGCAGAGGGTGA- and 1 pl of diluted DNA in a total reaction
CGGGCGGTGTGT-3’ volume of 50 pl. Negative controls were in-

CytBF: 5'-AAAAAGCTTCCATCCAA-  cluded in each reaction array. Where neces-
CATCTCAGCATGATGAAA-3" and sary, annealing temperatures and MgCl,
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concentration were varied to obtain PCR
products suitable for DNA sequencing.

The standard cycling profile for Cytb and
12S rRNA was as follows: 94°C for 3 min,
51°C for 1 min, 72°C for 1 min for one cycle;
94°C for 30 sec, 51°C for 1 min, 72°C for
1 min for 32 cycles; and 72°C for 3 min for
the final cycle. The same conditions were
standard for COI, except that the annealing
temperature was reduced to 43°C.

PCR products were purified manually with
a magnet using Ampure beads (Agencourt,
Beverly, Massachusetts) following the manu-
facturer’s protocol. Except as specified in the
Appendix products were sequenced in both
directions. Sequencing reactions were cleaned
by ethanol precipitation and run on an auto-
matic capillary sequencer (General Electric
Megabace) using the ET (General Electric)
sequencing chemistry according to the manu-
facturer’s protocols except that sequencing
buffer (I M tris-HCI, 1 M MgCL, pH 9.0)
(4 pl) was used and the amount of ET re-
duced to 4 pl in a final reaction of 20 pl

Sequences were edited using Sequencher
version 4.1.2 (Gene Codes Corporation, Ann
Arbor, Michigan). Cytochrome b and/or 12S
rRINA sequences were obtained from Gen-
Bank for other Emballonuridae and, as more
distant outgroups, a species of Nycteridae
and three Vespertilionidae (details given in
Appendix). Sequence alignment was per-
formed using the default parameters in
CLUSTALX (Thompson et al. 1997). Indels
inferred by the alignment were not modified.

PAUP v4b10 (Swofford 2003) was used to
conduct maximum parsimony (MP) analysis,
assuming default settings. Heuristic searches
were conducted with 1,000 replicates of ran-
dom taxon addition sequence keeping no
more than 50 trees of length greater than
200 steps (to avoid filling the tree buffer in a
single replicate). Gaps were treated as un-
known. Bootstrap analyses were conducted
with 1,000 pseudosampling replicates, each
with 50 random taxon addition replicates
keeping no more than 50 trees of length
greater than 200 steps. Analyses were also
conducted for the individual genes, with 200
replicates with random taxon addition keep-
ing no more than 200 trees of length greater
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than 200 steps. Bootstrap analyses of in-
dividual segments used 200 resampling
replicates each with 20 random addition rep-
licates keeping no more than 200 trees of
length greater than 200 steps.

Bayesian (BY) analyses were conducted
with the program MrBayes 3.1.2 (Huelsen-
beck and Ronquist 2001) using a character
partition giving a total of seven sections (125
rRNA and each codon position within Cytb
and COI). Likelihood parameters were esti-
mated separately during the run for each
section in the partition using the “unlink”
command in MrBayes. Base frequencies were
estimated, as were the rates of all substitution
types. A discrete gamma distribution was
assumed for rate variation between nucleo-
tide positions, and the shape parameter of
this distribution was estimated. Trees were
sampled every 100 steps along a 2,000,000-
step Markov Chain. Four differentially heated
chains were included in each of the two si-
multaneous runs. To allow for convergence
to an area of stable likelihood (burn-in), suf-
ficient steps from the chain were discarded so
that all included trees had likelihoods no
worse than 0.2% poorer than those of the
final trees in the simulation. The majority
rule consensus tree for calculating posterior
probabilities was based on the inclusion of
all trees after the cutoff in both runs. Poste-
rior probabilities were multiplied by 100 to
give the node support levels (PPS) reported
here.

Average pairwise nucleotide distances be-
tween groups of sequences were calculated
using Mega version 3.0 (Kumar et al. 2004)
using the Tamura-Nei distance assuming a
gamma distribution with a shape parameter
(o) of 1 for specifying substitution rate varia-
tion over sites. Missing bases were removed
by pairwise deletion. Standard deviations
were estimated by bootstrap resampling using
500 replicates.

RESULTS

The GenBank Accession Numbers for se-
quences collected for this study are detailed
in the Appendix. The nucleotide composition
of the taxa in the dataset was not significantly
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heterogeneous for any gene segment, whether
or not species from genera other than Embal-
Jonura or Mosia were included (P > .999 for
all five tests—only Emballonura or Mosia spe-
cies were available for COI). In the 393
aligned bases for 12S rRINA, 214 positions
were invariant when all species were included
(267 considering only Emballonura and Mo-
sia); 43 (21) were variable but parsimony
uninformative; and 136 (105) were both vari-
able and parsimony informative. Four indels
in the 12S rRNA sequence were due to the
presence of an extra base in one or more non-
emballonurid species. One other indel was
due to the presence of three extra bases in
one nonemballonurid (with one other non-
emballonurid having one extra base). Within
Emballonuridae, several apparent deletions
mostly between one and three bases were ob-
served. One four-base deletion, shared by the
Peropteryx species, was inferred. Only one
indel was inferred in comparisons among the
Emballonura and Mosia sequences. This was
an apparent loss of three bases in Mosia be-
cause these were represented in all other spe-
cies examined (including non-emballonurids).
The CCT motif for these bases in E. beccarii
was observed in all Emballonuridae except E.
semicaudata (with CT'T), E. serii, and E. raf-
frayana (both CCC). In the 359 aligned posi-
tions for Cytb, 197 were invariant when all
sequences were included (197 when attention
was restricted to Emballonura and Mosia); 19
(13) were variable but parsimony uninforma-
tive; and 143 (131) were parsimony informa-
tive. There were 556 aligned bases for COI
(only Emballonura and Mosia sequences were
available), of which 333 were constant, 34
variable but parsimony uninformative, and
189 parsimony informative. The Cytb and
COI sequences were translated to amino acid
sequences to check for anomalous stop co-
dons. None was inferred.

The strict consensus of the 24,450 maxi-
mum parsimony trees, each of 1,649 steps,
found for the combined data is shown in Fig-
ure 2. The majority rule consensus topology
of the trees sampled from the Metropolis-
Coupled, Monte Carlo Markov Chain Bayes-
ian analysis is shown in Figure 3. The first
100,000 steps in the chain from the first run
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(.e., 1,000 sampled trees) and the first
200,000 steps in the second chain (2,000
trees) were discarded as burn-in to allow for
convergence. There was some bootstrap
(64%) and substantial posterior probability
support (PPS =94) for monophyly of the
western Pacific Emballonura. Within  this
grouping of four species there was strong
support for the sister pairing of, first, E. bec-
carii and E. serii and, second, E. semicaudata
and E. raffrayana.

Individual bat specimens are grouped with
their nominal species in both MP and BY.
There were no examples where haplotypes
from within a single island were found in
widely divergent lineages. Indeed only two
examples were observed where groups of in-
dividuals from different islands were not
sorted into monophyletic clades. For E. semzi-
caudata, the specimens from two areas of Fiji
were not resolved in MP (Figure 2). The New
Georgia and Santa Isabel specimens of E. raf-
frayana were intermingled in MP (Figure 2)
and not resolved in BY (Figure 3).

Averages and standard deviations of the
pairwise genetic distances of 12S rRNA se-
quence between populations are shown in
Table 1. Emballonura raffrayana was separated
into two groups that may be related to dis-
tinct subspecies (see Discussion). The genetic
distance in 12S rRNA separating these two
groups, respectively the populations from
the Solomon Islands and New Ireland, was
0.035 £ 0.010 (Table 1). For comparison,
the average pairwise distances between mem-
bers of the two groups formed by the initial
division in M. mnigrescens (Figure 2) was
0.070 + 0.012. The corresponding distances
for the two sets of samples in each species
were 0.075 + 0.018 for E. raffrayana Cytb
and 0.181 + 0.049 for M. nigrescens. For
COI the values were 0.093 +0.015 and
0.114 + 0.015.

Kimura 2-parameter net average pairwise
distances were calculated using MEGA for
comparing divergence between Santa Isabel
and New Georgia Islands in Emballonura and
Mosia with the results in Melonycteris (Pulvers
and Colgan 2007). The average distance for
Cytb in E. raffrayana was 0.001 + 0.001 com-
pared with 0.060 + 0.014 between the two
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Frgure 2. The strict consensus topology of maximum parsimony trees for the combined data. Numbers written after
“M” in specimen designations are Australian Museum registration numbers. The generic name Emballonura is abbre-
viated to E. and the name Mosia to M. for southwestern Pacific specimens. Maximum parsimony bootstrap support
percentages over 60 are written near the relevant nodes or beside linking bars at the right of the specimen designation.
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TABLE 1
Genetic Distances between Species Based on the 12S rRNA Sequences
Species M. n. E. b. E.s. E.v.NI  E».SI  E.sem E. a/Et R. n. T. n.
M. nigrescens 0.019 0.031 0.030 0.034 0.031 0.027 0.025 0.036
E. beccarii 0.125 0.024 0.026 0.028 0.029 0.029 0.033  0.032
E. serii 0.205  0.164 0.026 0.022 0.027 0.033 0.038  0.036
E. raffrayana NI 0.184 0.171 0.135 0.010 0.021 0.038 0.029 0.041
E. raffrayana SI 0218  0.196  0.119 0.035 0.021 0.037 0.035  0.043
E. semicaudata 0.187  0.189  0.133 0.113 0.108 0.039 0.043
E. atrata/tiavato 0.169  0.196  0.190 0.209 0.219 0.215
Rhbynchonycteris naso 0.174  0.225  0.245 0.167 0.226 0.226
Taphozous nudiventris 0227 0234 0.225 0.230 0.265 0.254

Note: The figures in cells below the diagonal are average pairwise Tamura-Nei distances between the samples from the specified
localities calculated using MEGA 3.1 (Kumar et al. 2004). Figures above the diagonal are the standard deviations of the averages. Embal-
lonura raffrayana is split into two groups: NI indicates the specimens from New Ireland and SI indicates specimens from the Solomon
Islands. In the first column, Emballonura is abbreviated E. and Mosia as M. In the header row, the species’ names excepting E. semi-

caudatus are abbreviated to the initial letters of their binomials.

species of Melonycreris on the islands (M.
fardoulisi on New Georgia and M. woodfordi
on Santa Isabel). This calculation could not
be made for M. nigrescens because no data were
available from Santa Isabel. For COI, the av-
erage was 0.009 + 0.003 for E. raffrayana and
0.008 + 0.005 for M. nigrescens compared with
0.055 £ 0.010 in Melonycteris (Pulvers and
Colgan 2007).

DISCUSSION

Genetic Lineages in Relation to Systematics and

Phylogeny

Analyses of mitochondrial DNA sequences
suggest that the species M. nigrescens, E. bec-
carii, E. raffrayana, E. serii, and E. semicaudata
represent distinct monophyletic lineages cor-
responding to current taxonomic understand-
ing. The results were less concordant with
subspecies designations. Two subspecies of
M. nigrescens have been recognized in the re-
gion (Laurie and Hill 1954). These are M. .
solomonis in the Solomon Islands, Bismarck
Archipelago, Admiralty Islands, and Wood-
lark Island and M. n. papuana on the mainland
of New Guinea (Flannery 19954,5). Koop-
man (1982) considered that further investiga-
tion is needed to clarify the status of the
populations from the East Papuan islands.
Using the genetic data, samples from Alcester
and Woodlark Islands were related not to the

Solomon Islands and New Ireland M. nigre-
scens but rather to the mainland specimen
from the West Sepik Province. The mono-
phyletic clade including these individuals had
bootstrap support of 84% and PPS of 100%.
The individual from Manus in the Admiralty
Islands was the sister to this clade in BY
(PPS = 64%) and MP (with a bootstrap sup-
port of 87%). The position of the M. nigre-
scens specimen from New Britain was not
resolved in these analyses. The BY analysis
gave some support (PPS = 82%) to its inclu-
sion in the Alcester/ Woodlark/Manus/
mainland clade rather than with specimens
from the Solomon Islands and New Ireland.
There are two subspecies of E. raffrayana
in the region: E. 7. raffrayana in New Guinea
and nearby islands and E. 7. cor in the Solo-
mon Islands (Flannery 19954,6). Specimens
from the Tabar Islands east of New Ireland
have also been referred to the subspecies E. .
cor (Koopman 1979), raising questions about
the status of the New Ireland population.
The individuals of E. raffrayana collected by
Smith and Hood (1981) on New Ireland
were not referred to a subspecies by them
but were described as notably larger in size
than E. raffrayana cor. The genetic distances
between the populations are not high, but
strong bootstrap and posterior support for
the reciprocal monophyly of bats from the
Solomon Islands and New Ireland was found
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here. These results suggest that the bats from
these two areas may belong to distinct sub-
species.

Differences between populations within
any of the other three species studied in mul-
tiple localities were not large enough to sug-
gest the probable existence of subspecific
differentation. Samples were available from
only one of the two subspecies of E. beccarii
in the region, E. b. meeki from eastern New
Guinea (Flannery 19954) and the Trobriand
Islands (Flannery 19955). No subspecies are
recognized in E. serii. There are four recog-
nized subspecies of E. semicaudata (Koopman
1997). These are E. s. palauensis from Palau;
E. 5. rotensis from the Marianas; E. s. sulcata
from Chuuk and Pohnpei in the Caroline Is-
lands; and E. s. semicaudata from Samoa, Ton-
ga, Fiji, Rotuma, and Vanuatu. Samples were
studied from the last, easternmost, of these
taxa but only within the Fiji archipelago
where no substantial differentiation was ob-
served.

Robbins and Sarich (1988) used electro-
phoretic data to identify three main clades in
the Emballonuridae. The first comprised all
eight studied New World genera (Cyttarops
was not studied), the second was Tuphozous
plus Saccolaimus, and the third was Ewmballo-
nura (including nigrescens) plus Coleura. The
results presented here differ substantally
from this hypothesis, particularly in the divi-
sion of the New World genera into multiple
lineages, each associated with Old World
genera. Such differences should, however, be
regarded as only suggestive until more se-
quence data, including genes other than 12S
rRNA, become available from additional Afri-
can and American species.

The analyses presented here do not chal-
lenge the removal of the species nigrescens
from the genus Emballonura to Mosia by Grif-
fiths et al. (1991). In all MP trees for the
combined data, M. nigrescens is the sister
group to a large clade including all Emballo-
nura species and three other genera (although
this clade does not have bootstrap support).
In the BY analysis most genera are unre-
solved. Mosia nigrescens is, however, included
in a clade with Rbhynchonycteris and Saccopteryx
that has 86% posterior probability support.
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The sister pairs of E. beccarii and E. serii
and E. raffrayana and E. semicaudata found
within southwestern Pacific Emballonuridae
contrast somewhat with the intrageneric strict
consensus topology of Griffiths et al. (1991).
Considering taxa common to both studies,
that topology shows E. raffrayana and E. be-
ccarii as linked by a synapomorphy (the pres-
ence of posteriorly recessed basisphenoid
pits) lacking from E. semicaudata (Griffiths
et al. 1991). Emballonura serii was not de-
scribed until 1994 (Flannery 1994) so was
not considered in Griffiths et al. (1991).

Geographic Distribution of Genetic Variation
within Western Pacific Emballonuridae

Fossil data indicate that evolutionary diver-
gences in Emballonuridae date from at least
the early mid-Tertiary (Barghoorn 1977).
Molecular clock calculations made by Teeling
et al. (2005) suggest that Emballonura atrata
and Rhbynchonycteris naso diverged about 30
Ma (estimated range 25-35) and E. atrata
and Tuaphozous nudiventris about 42 Ma (range
37-47). These divergences are so ancient that
the influence of the southwestern Pacific’s
tectonic history on evolution within the fam-
ily may have been substantial. There have
been major changes in the relative position
of the island arcs of the Southwest Pacific
and Southeast Asia in the last 5 to 20 million
yr (Hall 1998, 2002, Pettersen et al. 1999).
However, the complexity of this history and
the overlap of ranges make it difficult to in-
terpret phylogeographically the contempo-
rary distributions of Emballonura at the
species level. Phylogeographic patterns are,
however, clearer within species.

Each of the distinct monophyletic species-
level clades in the studied western Pacific
Emballonuridae was itself composed of
clades that are strongly concordant with geo-
graphical location. For example, E. raffrayana
has distinct Solomon Islands and New Ireland
clades. Mosia nigrescens specimens from the
central Solomon Islands (New Georgia and
Santa Isabel) form the sister group to the
southern Solomon Islands specimen from
Makira, with bats from New Ireland and
then New Britain being the next most closely
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related. Only in E. semicaudata from the Fijian
archipelago and E. raffrayana from the Solo-
mon Islands do the bats of a species’ pop-
ulation on a single island not form a
monophyletic clade.

The overlapping distribution of species in
Emballonura does contrast with the situation
in Melonycteris in which species are allopatric.
However, with a few exceptions, there is an
underlying similarity in the phylogeographic
pattern of assortment of lineages within spe-
cies to islands. One exception is the low level
of differentiation between populations from
Santa Isabel and New Georgia within species
of both Emballlonura and Mosia, whereas
Melonycteris from those islands are separated
into distinct lineages (Pulvers and Colgan
2007). The results indicate relatively recent
divergence between the Santa Isabel and
New Georgia populations of both E. raffray-
ana and M. nigrescens. In the absence of land
bridges, this suggests that these bats can cross
water barriers more readily than does Melo-
nycteris, in which gene flow between these is-
lands is reduced to very low levels (Pulvers
and Colgan 2007). In both species, however,
the distance between the Solomon Islands
and New Ireland has been too great for con-
tinued substantial gene flow.

The Makira specimen of M. nigrescens is
the most distinct of the Solomon Islands sam-
ples. This is similar to the pattern in Melonyc-
teris where the population of M. fardoulisi
fardoulisi from that island is the sister group
to all congeners in the archipelago (Pulvers
and Colgan 2007). The birds of Makira are
also more differentiated from those on other
islands than the avifauna of any of the major
Solomon Islands (Mayr and Diamond 2001).
The explanations of this differentiation of-
fered by Mayr and Diamond were that Ma-
kira receives some species as immigrants
from eastern archipelagos such as Vanuatu;
that central islands in the Solomon Islands
receive migrants from multiple directions,
whereas Makira does not; and that the orien-
tation of the long axis of the island to the
long axis of other islands presents a small tar-
get for potential immigrants. The second and
third of these may also be part of the expla-
nation for the bat data, if the populations on
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Makira are not frequent participants in gene
exchange within the Solomon Islands. As
discussed next, the genetic data indicate that
immigration/gene flow between Fiji and the
Solomon Islands Ewmballonura has been mini-
mal for a long period.

Emballonura raffrayana from New Ireland
and the Solomon Islands is the sister group
to E. semicaudara from Fiji in these analyses,
but they are genetically distant. The average
Tamura-Nei distance between the species is
greater than 0.10 (about one third the dis-
tance between E. atrata/E. tiavato and Tapho-
zous nudiventris that are calculated to have
diverged between 37 and 47 Ma [Teeling
et al. 2005]). This comparison suggests that,
unless there has been an extraordinarily rapid
rate of substitution in the E. raffrayana/
E. semicaudata lineages, their separation oc-
curred at least several million years ago. Con-
siderable genetic divergence has also been
observed between Fiji and Solomon popula-
tions of another microchiropteran, Chaero-
phon jobensis (Ingleby and Colgan 2003). A
neighbor joining tree based on allozymic fre-
quencies indicated a very close reladonship
between the populations from Fiji and Va-
nuatu (C. jobensis bregullae). Chaerophon j. solo-
monis from the Solomon Islands is genetically
quite distant, having two loci at which no
alleles are shared with bats from the south-
eastern archipelagoes.

The seeming poverty of the New Britain
emballonurid fauna is anomalous for bats
with a high migratory capacity. Only M. ni-
grescens and E. dianae have been recorded
from New Britain (Bonaccorso 1998; F. Bo-
naccorso, pers. comm.). Mosia nigrescens is
also the sole Emballonura-like species known
from the islands between New Britain and
the Papuan mainland (Koopman 1979, Bo-
naccorso 1998). The failure to find other spe-
cies on New Britain may possibly be a
collecting artifact, because the fauna of the
Bismarck Archipelago was little known before
1979 (Smith and Hood 1981). Expeditions to
the island have not been numerous, but mul-
tiple collections have been made (Flannery
1995b, Bonaccorso 1998; F. Bonaccorso, pers.
comm.), reducing the strength of this argu-
ment. Hall (1998) noted that parts of New
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Britain have been emergent since the late
Miocene (10 Ma). If this were the case, then
lack of time for colonization would not ex-
plain the island’s low species numbers. It
may be that the island has been colonized by
more Emballonura species in the past, with
their absence today explained by unrecorded
extinctions.
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Appendix

Specimen Provenance and GenBank Accession Numbers for the Compiled Data (Species are from the genus
Emballonura unless otherwise specified. Australian Museum Mammalogy registration numbers are given in the second
column. The number in the third column refers to the list of provenance locations. Papua New Guinea is
abbreviated as PNG in the list. An asterisk beside an accession number indicates that the sequence was determined in
only one direction. Data were not available for the species and gene fragment combination where cells in the
Accession Number columns are blank. All but one sequence, AY044802, from Australian Museum specimens, were
collected for this paper.)

Species Registration Location 12S rRNA Cytb COI

E. beccarii Peters & Doria M17939 1 — — EF635571
M17940 1 EF635503* — EF635572*
M17969 1 EF635504* EF635537 EF635573*
M19406 2 EF635502 — EF635570

E. raffrayana Dobson M19847 3 EF635513* EF635545* EF635580
M19848 3 EF635514 EF635546* EF635581
M24737 4 EF635534 EF635566 —
M24739 4 EF635535 EF635567 —
M24742 4 — EF635568 EF635594
M24744 4 EF635536 EF635569 —
M23380 5 EF635526 EF635560 EF635588*
M23381 5 EF635527 EF635561* EF635589*
M23382 5 EF635528* EF635562* —
M23383 5 EF635529 EF635563 —
M23414 5 EF635530 EF635564 EF635590*

E. semicaudata (Peale) M21727 6 AY044802 — —
M21728 6 EF635515 — —
M22807 7 EF635516 EF635548 EF635583
M22808 7 EF635517 EF635549 EF635584
M22809 7 EF635518 EF635550 —
M22810 7 — EF635551 EF635585*
M22811 7 EF635519 EF635552 EF635586*
M22812 7 EF635520 EF635553* —
M22813 8 EF635521 EF635554 —
M22814 8 — EF635555 —
M22815 8 — EF635556 —
M22816 8 EF635522 EF635557 —

E. serii Flannery M19843 9 EF635519 EF635543* —
M19844 9 EF635520 EF635544 EF635578*
M19845 9 — — EF635579*
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Appendix (continued)
Species Registration Location 12S rRNA Cytb COI
Mosia nigrescens Gray M23054 10 EF635523* EF635558* —
M19408 11 EF635507* EF635540* —
M19390 12 EF635505* EF635538* —
M19391 12 EF635506 EF635539* EF635574*
M19838 13 EF635508 — EF635575*
M20563 14 — EF635547* EF635582
M19839 15 EF635509 EF635541* EF635576*
M19840 15 EF635510 EF635542* EF635577*
M23257 16 EF635525 EF635559 —
M23416 17 EF635531 — EF635591*
M23064 17 EF635524 — EF635587*
M23419 17 EF635532* EF635565 EF635592
M24736 18 EF635533 — EF635593
GenBank Data
Emballonura atrata Peters AF203773 DQ178260 —
Emballonura alecto (Eydoux & Gervais) — AY426101 —
Emballonura monticola 'Temminck — AY057946 —
Emballonura tiavato Goodman et al. — DQ178283 —
Balantiopteryx plicata Peters AY395847 — —
Cormura brevirostris (Wagner) AY395848 — —
Diclidurus scutatus Peters AY141036 — —
Peropteryx kappleri Peters AY395849 — —
Peropteryx macrotis (Wagner) AY395850 — —
Rbynchonycteris naso (Wied-Neuwied) AY395851 — —
Saccopteryx bilineata 'Temminck AF263213 — —
Saccopteryx leptura (Schreiber) AY395852 — —
Taphozous nudiventris Cretzschmar AY395853 — —
Nycteris thebaica E. Geoffroy AY012140 AF044653 —
Miniopteris schreibersi (Kuhl) AY395865 AY208138 —
Pipistrellus pipistrellus (Schreiber) AF326105 AY582290 —
Myotis ruber E. Geoftroy AY495506 AF376867 —
Locations
1: Tifalmin, West Sepik Province, PNG: 5° 7’ S, 141° 25’ E
2: Sea cave near village, Alcester Island, Milne Bay Province, PNG: 9° 33" S, 152° 26' E
3: Balof Cave, near Medina, New Ireland, PNG
4: Cave near Ghove Village, Santa Isabel, Solomon Islands: 8° 21’ S, 159° 32’ E
5: Mondomondo Island, Marovo Lagoon, New Georgia, Solomon Islands: 8° 16’ S, 157° 49’ E
6: Kuata Island, Yasawas, Fiji: 17° 22’ S, 177° 08’ E
7: Cave approx. 2 km S of Lovoni Village, Ovalau Island, Fiji: 17° 43’ S, 178° 48’ E
8: Cave a few kilometers NE of Lovoni Village, Ovalau Island, Fiji: 17° 43’ S, 178° 49’ E

9: Matapara Cave near Medina, New Ireland, PNG: 2° 55’ §, 121° 53’ E

10: Foot of Mt. Sumbau near Sibilanga, West Sepik Province, PNG: 3° 32’ S, 142° 31’ E

11: Sea cave, Alcester Island, Milne Bay Province, PNG: 9° 33’ S, 152° 26’ E

12: Guasopa, Woodlark Island, Milne Bay Province, PNG: 9° 13’ S, 152° 56’ E

13: Polomou DPI Station, south-central Manus, PNG: 5° 33’ S, 154° 36’ E

14: Melei near Fulleborn, West New Britain, PNG: 6° 3’ S, 156° 40’ E

15: Medina, New Ireland, PNG: 2° 54’ S, 151° 22' E

16: Manigharaghara Village, Makira Island, Solomon Islands: 10° 31’ S, 161° 55’ E

17: Tamaneke Village, Marovo Lagoon, New Georgia, Solomon Islands: 8° 19" S, 157° 49’ E
18: San Jorge Island, Santa Isabel, Kaolo, Solomon Islands: 8° 23" S, 159° 33' E



